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The existence of neuron-specific endocytic protein
isoforms raises questions about their importance
for specialized neuronal functions. Dynamin, a
GTPase implicated in the fission reaction of endocy-
tosis, is encoded by three genes, two of which, dyna-
min 1 and 3, are highly expressed in neurons. We
show that dynamin 3, thought to play apredominantly
postsynaptic role, has a major presynaptic function.
Although lack of dynamin 3 does not produce an
overt phenotype in mice, it worsens the dynamin 1
KO phenotype, leading to perinatal lethality and a
more severe defect in activity-dependent synaptic
vesicle endocytosis. Thus, dynamin 1 and 3, which
together account for the overwhelming majority of
brain dynamin, cooperate in supporting optimal rates
of synaptic vesicle endocytosis. Persistence of syn-
aptic transmission in their absence indicates that if
dynamin plays essential functions in neurons, such
functions can be achieved by the very low levels of
dynamin 2.
INTRODUCTION
Clathrin-mediated endocytosis is an evolutionarily conserved
process that cells use to internalize specific components of the
plasma membrane (Conner and Schmid, 2003; Doherty and
McMahon, 2009). In higher eukaryotes, clathrin-mediated endo-
cytosis plays particularly important and specialized functions
at neuronal synapses (Dittman and Ryan, 2009; Murthy and
De Camilli, 2003). On the presynaptic side, it is implicated in
the recycling of synaptic vesicle membranes (Dittman and
Ryan, 2009; Granseth et al., 2006; Jung and Haucke, 2007; Mur-
thy and De Camilli, 2003). On the postsynaptic side, it mediates1100 Neuron 70, 1100–1114, June 23, 2011 ª2011 Elsevier Inc.the internalization of neurotransmitter receptors and thus con-
tributes to synaptic plasticity by controlling postsynaptic excit-
ability (Carroll et al., 1999; Chowdhury et al., 2006; Petrini
et al., 2009; Shepherd and Huganir, 2007).
The use of a housekeeping process for specialized aspects of
neuronal function implies the occurrence of unique adaptations.
Several clathrin coat components and their accessory factors
are encoded by multiple genes that undergo alternative splicing,
some of which are exclusively or preferentially expressed in brain
(Blondeau et al., 2004; Cao et al., 1998; Hirst and Robinson,
1998; Stamm et al., 1992; Tebar et al., 1999). An important
question is whether these variants are localized in distinct com-
partments of the neuronal cytoplasm and have fundamentally
distinct roles, or whether they have overlapping functions.
An endocytic protein that plays a key function in the fission
reaction of clathrin-mediated endocytosis and that is expressed
as different isoforms in mammals is the GTPase dynamin (Cao
et al., 1998; Praefcke and McMahon, 2004; Pucadyil and
Schmid, 2009). In mammals, dynamin is encoded by three
different genes (DNM1, DNM2, and DNM3), whose products
undergo further alternative splicing to generate a multiplicity of
variants (Cao et al., 1998). Dynamin 1 is highly and selectively ex-
pressed in the nervous system and represents by far the major
dynamin isoform expressed in this tissue, where the total dyna-
min levels far exceed those present in other tissues (Ferguson
et al., 2007). Dynamin 2 is ubiquitously expressed in all tissues
(Cao et al., 1998; Ferguson et al., 2007). Dynamin 3 is most
strongly expressed in the brain, but at concentrations that are
much lower than dynamin 1 (Cao et al., 1998; Ferguson et al.,
2007; Gray et al., 2003). Because of these patterns of expres-
sion, it had been speculated that dynamin 2 performs house-
keeping functions and that dynamin 1 is the dynamin selectively
implicated in synaptic vesicle recycling. In contrast, dynamin 3
was reported to be highly concentrated postsynaptically and
was proposed to have a preferential function in the control of
endocytosis within dendritic spines and excitatory neurotrans-
mitter receptor trafficking (Gray et al., 2003; Lu et al., 2007).
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tions of dynamin 1 and dynamin 3, and possibly also of dynamin
2, are overlapping. The generation and characterization of dyna-
min 1 knockout (KO) mice revealed that synaptic vesicles still
form under conditions of moderate neuronal activity in these
mice (Ferguson et al., 2007; Hayashi et al., 2008; Lou et al.,
2008), thus ruling out an essential function for dynamin 1 in this
process. Studies of dynamin 1 KO neurons further showed that
a major role for the very high concentrations of dynamin in
neurons is to allow scaling of the rate of endocytosiswhen the en-
docytic load is increased as a result of increased synaptic vesicle
exocytosis (Ferguson et al., 2007; Lou et al., 2008). Additionally,
in dynamin 1 KO neurons, endogenous dynamin 3 was seen to
accumulate within presynaptic terminals, possibly reflecting a
buildup of endocytic intermediates due to lack of dynamin 1
and a role of dynamin 3 in their fission (Ferguson et al., 2007; Hay-
ashi et al., 2008). These results challenged theproposedpredom-
inantly postsynaptic role for dynamin 3 at excitatory synapses.
In this study, we used a genetic model to investigate the possi-
bility of overlapping actions of dynamin 1 and 3 in presynaptic
function and by extension to also gain insight into the potential
contributions of dynamin 2.Weshow that lack of dynamin 3 alone
in mice does not produce an obvious pathological phenotype,
whereas the combined absence of dynamin 1 and 3 produces
defects at the organism and cellular level that demonstrate an
overlapping role of these two dynamin isoforms in synaptic
vesicle endocytosis. Surprisingly, the extremely low levels of
neuronal dynamin accounted for by dynamin 2 appear to be suffi-
cient to support neuronal life and synaptic transmission. These
results also raise thepossibility that dynamin-independentmech-
anisms may allow a basic form of synaptic vesicle recycling.
RESULTS
Shared Properties of Dynamin 1 and 3
Wehave previously shown that endogenous dynamin 3 accumu-
lated within presynaptic terminals in dynamin 1 KO neurons,
possibly reflecting a buildup of endocytic intermediates and a
role of dynamin 3 in their fission (Ferguson et al., 2007; Hayashi
et al., 2008). Consistent with an overlapping function of dynamin
1 and 3 in nerve terminals, antibodies that specifically recognize
either dynamin 1 or dynamin 3 (Figures S1A–S1C [available on-
line] and Figure 1E, respectively) revealed a similar subcellular
localization of these two proteins in the brain, with a diffuse local-
ization throughout the cytoplasm and an accumulation at
synapses (Figure 1A).
If dynamin 1 and 3 perform overlapping functions, they would
be expected to share at least a set of binding partners. The
most prominent dynamin-binding partners contain SH3 domains
that bind short motifs within the C-terminal proline-rich domain
(PRD) of dynamin (Anggono and Robinson, 2007; Slepnev et al.,
1998). To our knowledge, the conservation of such interactions
among dynamin 1, 2, and 3 has not previously been investigated
in side-by-side comparisons. To address this issue, the corePRD
regions of the three dynamins were used as bait in GST pull-
downs from brain extracts (Figure 1B). Western blotting of the
affinity-purified material demonstrated that all proteins enriched
on dynamin 1 PRD beads, such as BAR and F-BAR domain-con-taining proteins (endophilin, amphiphysin, SNX9, and syndapin),
intersectin, and Grb2, were retained on the dynamin 3 PRD,
whereas greater variability was observed for thematerial retained
on the dynamin 2 PRD beads, suggesting greater similarities in
the roles of dynamin 1 and 3 relative to those of dynamin 2.
Dynamin 3 KO Mice Do Not Exhibit Obvious Defects
To directly test the function of dynamin 3, we generated amouse
dynamin 3 conditional (floxed) KO allele (Figure S1D). Mating of
the heterozygous conditional KO mice to a Cre deleter strain
(Lewandoski et al., 1997) yielded heterozygous KO mice that
were bred to each other. Wild-type (WT), heterozygous, and dy-
namin 3 KO pups were born in the expected 1:2:1 Mendelian
ratio (26:48:20 from 12 litters genotyped at the time of weaning;
p = 0.67, c2 test), and the KO mice were grossly healthy, viable,
and fertile. Western blotting with antibodies directed against the
C-terminal region of dynamin 3 (Ferguson et al., 2007) confirmed
the absence of the protein in brain, testis, and lung; i.e., the
tissues where it is most prominently expressed (Figure 1C).
Due to the high levels of dynamin 1, dynamin 3 represents
only a minor fraction of the total dynamin in the brain (Ferguson
et al., 2007). However, western blotting with an antibody that
specifically and equally recognizes both dynamin 2 and 3 (Fergu-
son et al., 2009) showed that dynamin 3makes a larger contribu-
tion to total dynamin levels in the brain than does dynamin 2,
which in turn is expressed at lower concentration in brain than
in other tissues (Figure 1C). In spite of the expression of dynamin
3 in the testis and of its proposed function in sperm maturation
(Vaid et al., 2007), matings between dynamin 3 KO mice yielded
pups without any indication of fertility defects (see below).
As expected, the immunoreactivity recognized by our anti-dy-
namin 3 rabbit polyclonal and mouse monoclonal (clone 5H5)
antibodies was no longer observed in KO samples (Figures 1A,
1C, and 1E). In contrast the fluorescence produced by a more
widely used dynamin 3 antibody that strongly labels dendritic
spines (Gray et al., 2003; Lu et al., 2007) was unchanged in dy-
namin 3 KO neurons (Figure 1E). Thus, these experiments do
not support the reported preferential postsynaptic localization
of dynamin 3 in dendritic spines.
Consistent with their overall good health, no defects were
observed in the brain of dynamin 3KOmice at the histological level
(data not shown). Likewise, no defects were observed in primary
cultures of cortical neurons with respect to gross morphology or
distribution of immunoreactivity for synaptic markers, including
clathrin coat components (a-adaptin), synaptic vesicle proteins
(synapsin; as well as synaptophysin and synaptobrevin, not
shown), and an active zone protein (bassoon) (Figure 1D). Further-
more, electron microscopy analysis of dynamin 3 KO synapses in
primary neuronal cultures did not reveal obvious pre- or postsyn-
aptic structural alterations (Figure 1F). For example, synaptic vesi-
cleswereabundantandshowedanormalhomogeneousdiameter.
Synthetic Neonatal Lethal Phenotype of Dynamin 1/3
Double KO Mice
To test for a synergistic function of dynamin 1 and 3, mice
harboring KO alleles of dynamin 1 and 3 were bred to yield
double KO (DKO) mice. Such mice were born but were immedi-
ately distinguishable from their littermates because of theirNeuron 70, 1100–1114, June 23, 2011 ª2011 Elsevier Inc. 1101
Figure 1. Comparative Analysis of Dynamin 1 and 3 in the Brain and Generation of Dynamin 3 KO Mice
(A) Double immunofluorescencewith isoform-specific antibodies showing that dynamin 1 (upper panel) and 3 (lower panel) share a similar localization at synapses
surrounding motor neurons (spinal cord ventral horn). Insets represent higher magnifications of a selected region from the respective dynamin 1 and 3 immu-
nofluorescence images.
(B) Evaluation of proteins binding to the PRD of dynamin 1, 2, and 3 by GST pull-down from mouse brain lysates followed by immunoblotting.
(C) Immunoblot analysis of dynamin isoform levels in the indicated tissues in WT and dynamin 3 KO mice.
(D) Markers of clathrin coats (AP-2 subunit a-adaptin), synaptic vesicles (synapsin 1), and active zones (bassoon) do not show any change in localization in
dynamin 3 KO cortical neurons in culture.
(E) Loss of dynamin 3 immunofluorescence revealed by dynamin 3-specific antibodies (clone 5H5) in primary neuron cultures. A previously described anti-
dynamin 3 antibody (Gray et al., 2003) generates a punctate, nonspecific immunofluorescence of dendritic spines.
(F) Electron micrographs of WT (left panel) and dynamin 3 KO (right panel) synapses that demonstrate the presence of abundant synaptic vesicles in synapses of
both genotypes.
Scale bars represent 10 mm (A and E), 20 mm (D), and 200 nm (F). See also Figure S1.
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Dynamins 1 and 3 in Synaptic Vesicle Recyclinglimited movement. They failed to nurse and died within several
hours after birth (Figure 2A). Thus, they had a more severe
phenotype than dynamin 1 single KO mice that can survive for
up to 2 weeks (Ferguson et al., 2007).1102 Neuron 70, 1100–1114, June 23, 2011 ª2011 Elsevier Inc.The survival of DKOmice for several hours after birth indicates
that synaptic transmission must occur in at least a limited form in
the absence of both dynamin 1 and 3. Accordingly, electron
microscopy analysis of neonatal DKO brain stem synapses
Figure 2. Dynamin 1,3 DKO Mice Exhibit Perinatal Lethality
(A) Photograph of a control (CTRL) and a DKO littermate taken2 hr after birth.
Note the cyanotic color, lack of milk in the stomach, and hunched posture of
the DKO.
(B) Immunoblotting of neuronal culture lysates derived from mice of the indi-
cated genotypes with a pan-dynamin antibody. AP180 signal was used as
a neuron specific endocytic protein loading control.
(C and D) Electronmicrographs of brainstem synapses fromdynamin 3 KO and
dynamin 1,3 DKO pups, respectively. Note the presence of synaptic vesicles in
the DKO but some heterogeneity in vesicle size and clathrin-coated endocytic
intermediates (arrow and highlighted in the insets).
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Dynamins 1 and 3 in Synaptic Vesicle Recycling(Figures 2C and 2D) and neuromuscular junctions (Figure S2) re-
vealed the presence of synaptic vesicles, although such vesicles
were in general more heterogeneous in size and less numerous
than in controls (see below). Clathrin-coated endocytic interme-
diateswerealso evident (Figure 2D). Furthermore, cortical neuron
primary cultures derived from brains of DKO newborn mice
developed and established synapses in vitro with no obvious
differences from controls in morphology and synaptic density
(see below), in spite of the extremely low level of total dynamin re-
maining (accounted for by dynamin 2) relative to control cultures
(Figure 2B). The actual contribution of neuronal dynamin 2 to the
total dynaminpool detected in thecultures is expected tobe even
lower due to the presence of astrocytes, a cell type where dyna-
min 2 is more robustly expressed (Ferguson et al., 2007).
Levels of a variety of other synaptic proteins tested by western
blotting of such cultures, including clathrin coat components,
other endocytic proteins, synaptic vesicle proteins, and cyto-
skeletal proteins, were not changed in a significant way relative
to controls (Figure 2E). However, a significant decrease was
observed in the levels of Rab3, syndapin/pacsin 1, sorting nexin
9 (SNX9), as well as of parvalbumin and the vesicular GABA
transporter (VGAT), two makers of GABAergic interneurons (Fig-
ure 2E). Levels of glutamic acid decarboxylase 65 (GAD65),
another specific component of GABAergic neurons, were also
decreased, although this decrease was just above the limit of
significance (Student’s t test, p = 0.056). Loss of Rab3 may
reflect excess degradation of this protein in the absence of
synaptic vesicles, whereas loss of parvalbumin, VGAT, and
GAD65 may indicate selective vulnerability of GABAergic inter-
neurons due to their high level of tonic activity. Decreased levels
of syndapin and SNX9 may arise from the property of these
proteins to form complexes with dynamin and, thus, their desta-
bilization in the absence of dynamin 1 and 3, although other dy-
namin-interacting proteins such as amphiphysin 1, amphiphysin
2, and endophilin 1 maintained their normal levels. Syndapin is
a major dynamin-binding partner in neurons, and the partner
whose interaction with dynamin 1 is regulated by Cdk5-depen-
dent phosphorylation and calcineurin-dependent dephosphory-
lation of dynamin 1 (Anggono et al., 2006). Phosphorylation on
conserved sites within dynamin 3 suggests that similar regula-
tory mechanisms may control dynamin 3 functions and interac-
tions (Larsen et al., 2004).
Synaptic Transmission at DKO Synapses
The properties of synaptic transmission in DKO neurons were
assessed in primary neuronal cultures obtained from newborn
pups because this experimental system allows neurons and
synapses to undergo a maturation that is not achievable in the
intact mice due to their perinatal lethality. No obvious defects
were observed in the overall development and morphology of
the DKO cultures relative to control cultures, as assessed by
bright-field microscopy observations, immunofluorescence(E) Summary of protein levels in control versus DKO cortical neuron cultures.
Measurements were made from at least three independent pairs of samples
(mean ± SEM; *p < 0.05, Student’s t test).
Scale bars represent 150 nm (C and D).
See also Figure S2.
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Figure 3. Synaptic Transmission at Dyna-
min 1,3 DKO Synapses
(A) Representative traces of mEPSCs from control
(black) and DKO (red) neuronal cultures.
(B) Amplitude distribution of mEPSCs (n = 1547
and 1857mEPSCevents recorded from a selected
control and DKO, respectively, as shown in A).
(C–E) mEPSC frequency, peak amplitude, and
total charge transfer (averages from 18 control and
20 DKO neurons; *p < 0.05, Student’s t test). Open
symbols indicate individual neurons, and filled
symbols indicate the average ± SEM of each
group.
(F) Representative traces of evoked EPSCs from
control and DKO neurons.
(G) Summary of peak EPSC amplitudes plotted
on a logarithmic scale (control EPSC amplitude:
2.82 ± 0.48 nA; DKO EPSC amplitude: 0.36 ±
0.11 nA, n = 20 for each; Student’s t test, p <
0.0001).
See also Figure S3.
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Dynamins 1 and 3 in Synaptic Vesicle Recyclingstaining for markers of general neuron morphology (cytoskeletal
proteins), axons (tau), dendrites (MAP2), as well as presynaptic
(bassoon) and postsynaptic (PSD95) markers of synaptic junc-
tions (Figure S3).
Electrophysiological recordings from the cultures after 10–
14 days in vitro (DIV) revealed that miniature excitatory postsyn-
aptic currents (mEPSCs) were present (Figure 3A), although their
amplitude was more variable (Figures 3B and 3D, coefficients of
variance were 0.28 and 0.45 for control and DKO, respectively),
average charge transfer (Q) was slightly increased relative to
controls (Figure 3E), and their frequency slightly decreased (Fig-
ure 3C). Local field stimulation also evoked synaptic currents
(Figure 3F). However, on average these EPSCs were much
smaller in amplitude in the DKO cultures (Figure 3G). Given
that overall synapse density as assessed by bassoon (Figures
S3E and S3F) and PSD-95 immunostaining (Figure 5C) was
maintained in the DKO neuron cultures, this decrease in EPSC
amplitude could be explained by a decreased availability of
synaptic vesicles in the absence of dynamin 1 and 3. Thus, the
additional KO of dynamin 3 worsens the defect in the efficiency1104 Neuron 70, 1100–1114, June 23, 2011 ª2011 Elsevier Inc.of synaptic transmission observed at dy-
namin 1 KO synapses, where the EPSC
amplitude was shown to be better main-
tained (Ferguson et al., 2007; Lou et al.,
2008). However, these results show
that, surprisingly, synaptic transmission
can occur in the absence of both dynamin
1 and 3, when dynamin levels are very low
and accounted for by dynamin 2.
Severe Defects in Compensatory
Synaptic Vesicle Endocytosis
To directly investigate synaptic-vesicle-
recycling dynamics, measurements of
recycling parameters were performed
using vGlut1-pHluorin in WT, dynamin 1
KO, dynamin 3 KO, and DKO neurons(Figure 4). vGlut1-pHluorin is a pH-sensitive probe that is very
efficiently targeted to synaptic vesicles (Balaji and Ryan, 2007).
Neurons transfected with vGlut1-pHluorin were selected for
analysis based on their ability to respond to repeated rounds
of stimulation. Microscopic inspection revealed that, in general,
both dynamin 1 KO and DKO neurons had much higher baseline
vGlut1-pHluorin fluorescence than either the WT or the dynamin
3 KO neurons, which were indistinguishable from one another
(Figure 4A). NH4Cl and acid-surface quenching (Figure S4)
demonstrated that this difference was due to a much higher
fraction of vGlut1-pHluorin present on the plasma membrane,
consistent with a steady-state impairment of endocytic function.
Following a stimulus-evoked increase in fluorescence due to
synaptic vesicle exocytosis, the vGlut1-pHluorin signal gradually
returned to baseline in all four genotypes (Figure 4B). Although
the recovery was not affected by the KO of dynamin 3, the KO
of dynamin 1 resulted in a small but statistically significant defect
in the poststimulus recovery. Importantly, the delay in recovery
was much more severe in the DKO neurons (Figure 4B). The
t1/2 recovery times following 100 AP at 10 Hz stimuli were
Figure 4. Analysis of Compensatory Endocytosis
(A) Dynamin 1 KO andDKOcells have a greater fraction of the vGlut1-pHluorin stranded on the surface (p = 0.02 and 0.001 versusWT or dynamin 3 KO littermates,
respectively; two-sample Student’s t test, n = 11, 6, 10, and 12 for WT, dynamin 3 KO, dynamin 1 KO, and DKO, respectively).
(B) Averaged vGlut1-pHluorin responses to 100 AP stimulation at 10 Hz from WT (40 runs from 11 cells), dynamin 3 KO (22 runs from 6 cells), dynamin 1 KO
(43 runs from 11 cells), and DKO (33 runs, 11 cells); see Supplemental Experimental Procedures for error calculation. The deficit in the amount of vGlut1-pHluorin
that was not endocytosed 40 s after the end of the stimulus is significant for both the dynamin 1 KO as well as for the DKO (p < 0.05 and p = 0.001, respectively,
two-sample Student’s t test with dynamin 1 KO compared to WT littermates and DKO compared to dynamin 3 KO littermates).
(C) Representative vGlut1-pHluorin trace of a DKO neuron responding to three consecutive rounds of stimulation (100 AP at 10 Hz) with 10 min recovery between
stimulus challenges. Traces are averages from 28 regions of interest corresponding to individual presynaptic terminals of this neuron (t1/2 times = 62, 90, and >140
s, respectively).
(D) Histogram of endocytosis t1/2 times for control (pooled data from WT and dynamin 3 KO), dynamin 1 KO, and DKOs in response to 100 AP at 10 Hz stimulus.
Runs that did not decay to half of the DF within the imaging window (140 s), but recovered before the following run, are binned into >140 s. Controls, 64 runs from
18 cells; dynamin 1 KO, 40 runs from 11 cells; DKO, 40 runs from 12 cells.
(E) Endocytosis occurring during stimulation was measured by the difference in vGlut1-pHluorin signal arising from a 300 AP at 10 Hz train and after full recovery,
as well as a subsequent 10 Hz train in the presence of the proton pump inhibitor bafilomycin. Data are normalized to the maximum fluorescence obtained during
stimulation in the presence of bafilomycin. Such fluorescence represents the size of the recycling pool. The panel shows sample traces from a control (dynamin 3
KO) cell and a DKO cell that recover by endocytosis 32.0% and 0%, respectively, of the fluorescence increase produced by exocytosis during the stimulation
interval.
(F) Averages of the extent of endocytosis occurring during stimulation were: 20% ± 5.7% for WT, 24.6% ± 4.8% for dynamin 3 KO, 0% ± 6.3% for the dynamin
1 KO, and 0% ± 9.9% for DKOs from 8, 5, 7, and 16 cells, respectively. *p = 0.006 for Dynamin 1 KO versus WT and p = 0.03 for DKO versus dynamin 3 KO,
(two-sample Student’s t tests). Except where indicated otherwise in (B), error bars represent the mean ± SEM.
See also Figure S4.
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Dynamins 1 and 3 in Synaptic Vesicle Recycling16.9 ± 1.1 s forWT, 15.2 ± 3.1 s for the dynamin 3 KO, 22.9 ± 1.7 s
for the dynamin 1 KO, and 82.3 ± 20.4 s for the DKOs. Impor-
tantly, given sufficient time, the signal did recover in DKO
neurons, and their synapses could sustain multiple rounds of
exocytosis and endocytosis (Figure 4C). Multiple stimulationsof the same neuron also revealed that the time required for the
vGlut1-pHluorin signal to return to baseline was quite variable
from run to run in DKOs (Figure 4D): the example of Figure 4C
shows three sequential rounds of stimulation and recovery
whose t1/2 varied from 62 to >140 s. This scale of variabilityNeuron 70, 1100–1114, June 23, 2011 ª2011 Elsevier Inc. 1105
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Dynamins 1 and 3 in Synaptic Vesicle Recyclingwas observed in all cells and was unrelated to previous history of
stimulus recovery. Examination of all stimulus runs performed
with a 100 AP stimulus at 10 Hz revealed that 60% of the
time the vGlut1-pHluorin signal required greater than 140 s to
recover, but occasionally, recovery could occur at WT speeds
(Figure 4D). These slow recoveries were not simply a reflection
of a slow reacidification step, because the fluorescence during
the recovery period could be fully quenched by perfusion with
a solution of pH 5.5 (Figure S4). Although the recovery in the dy-
namin 1 single KO was also slowed, the recovery was always
complete within the 140 s poststimulation time window.
Finally, a bafilomycin-based strategy that allows for separation
of exocytic and endocytic contributions to the fluorescence
traces (Sankaranarayanan and Ryan, 2001) demonstrated
a complete lack of endocytosis during the 10 Hz stimulus train
at DKO synapses (Figures 4E and 4F), as was previously
observed (Ferguson et al., 2007), and now reconfirmed (Fig-
ure 4F), at dynamin 1 KO synapses. In contrast, the loss of dyna-
min 3 alone had no effect (Figure 4F). Collectively, these results
demonstrate that the combined absence of dynamins 1 and 3
has dramatic synergistic effects on the kinetics of synaptic
vesicle endocytosis but, perhaps more surprisingly, show that
the DKO synapses still recycled their synaptic vesicles albeit at
a much reduced rate.
A Robust Clustering of Endocytic Proteins
within Presynaptic Terminals
DKO synapses in neuronal cultures were further carefully
analyzed to assess the presence and abundance of endocytic
intermediates. Studies of dynamin 1 KO nerve terminals in
primary neuronal cultures had demonstrated an accumulation
of presynaptic clathrin-coated pits that could be detected by
immunofluorescence because it resulted in the enhanced clus-
tering of immunoreactivity for clathrin coat components at
synapses (Ferguson et al., 2007; Hayashi et al., 2008).
Compared to dynamin 1 single KO synapses, dynamin 1, 3
DKO synapses revealed a more severe endocytic defect, as
shown in Figures 5A and 5B by the more clustered immunoreac-
tivity of the clathrin adaptor AP-2 (antibodies directed against its
a-adaptin subunit). A corresponding clustering was observed for
other presynaptically enriched endocytic proteins such as cla-
thrin, amphiphysin 1, and epsin 1,whereas staining for a postsyn-
aptic marker (PSD95) did not show any change (Figure 5C).
Furthermore, this phenotype became detectable earlier during
the differentiation of DKO neuronal cultures relative to dynamin
1 single KO cultures (Figures S5A and S5B), which is consistent
with a lowering of the threshold at which the endocytic capacity
of the DKO cells cannot keep upwith the level of neuronal activity
and synaptic vesicle exocytosis. Importantly, such clustering
occurred at both excitatory and at inhibitory presynaptic termi-
nals, as revealed by counterstaining for vGLUT1 and VGAT,
synaptic vesicle neurotransmitter transporters at glutamatergic
and GABAergic synapses, respectively (Figure 5D).
Massive Accumulation of Endocytic Clathrin-Coated
Pits and Loss of Synaptic Vesicles
This phenotype and the morphology of the endocytic intermedi-
ates in DKO neurons were further investigated by electron1106 Neuron 70, 1100–1114, June 23, 2011 ª2011 Elsevier Inc.microscopy and electron tomography. The ultrastructure of
DKO synapses strongly indicated a major presynaptic endocytic
defect, with a very high abundance (but with variability from
synapse to synapse) of clathrin-coated vesicular profiles in the
same size range of synaptic vesicles (Figures 6A–6F). In sections
of some nerve terminals, synaptic vesicles had been almost
completely, or even completely, replaced by up to hundreds of
clathrin-coated structures (Figures 6E and 6H), although,
surprisingly, some normal-looking DKO nerve terminals (abun-
dant presence of synaptic vesicles and few endocytic inter-
mediates) were observed (Figures 6B and 6F). In presynaptic
terminals of DKO neurons, the diameter of synaptic vesicles
was on average larger and more heterogeneous (Figure S6A),
which may contribute to the increase in charge transfer detected
for mEPSCs (Figure 3E). Interestingly, there was a correlation
between increased synaptic vesicle diameter and the degree
to which synaptic vesicles were depleted in a given nerve
terminal (Figure S6B), suggesting that in these terminals the
fidelity of the synaptic vesicle reformation process was more
severely compromised. The accessibility of the endocytic struc-
tures in DKO nerve terminals to extracellular tracer (CTX-HRP
under ice-cold conditions, Figure 6G) and direct observation of
electron tomography reconstructions (Figures 6H–6J) supported
the interpretation that they were coated pits that had not under-
gone fission from the plasma membrane.
Tomographic reconstruction from multiple serial sections
further demonstrated a very peculiar organization of the endo-
cytic intermediates (Figures 6I–6L). The overwhelming majority
of the pits originated from a limited number of long invaginations
of the plasma membrane (see Figures 6H, 6K, and 6L for exam-
ples), which in turn were connected to the outer surface of the
terminal by narrow necks (22.7 ± 4.8 nm, n = 12, Figure S5F).
Overall, these endocytic intermediates resembled those
observed in some dynamin 1 KO synapses (Ferguson et al.,
2007; Hayashi et al., 2008), although their abundance, and the
corresponding depletion of synaptic vesicles, was on average
greater at DKO synapses.
Although the clathrin-coated pits accumulating in the DKOhad
a size similar to that of synaptic vesicles, they were less densely
packed than synaptic vesicles (Figure 6B versus Figure 6C).
Furthermore, the overall loss of synaptic vesicles was not fully
accounted for by the increase in clathrin-coated pits (Figure 6F),
suggesting that synaptic vesicle membranes might be partially
trapped within the axonal plasma membrane outside of pits.
Such a possibility agreeswith the increased steady-state plasma
membrane abundance of the vGlut1-pHlourin reporter in DKO
neurons (Figure 4A). As a result, immunofluorescence for in-
trinsic membrane proteins of synaptic vesicles (synaptophysin,
synaptobrevin, synaptotagmin, and SV2), which are expected
to be enriched in these pits, was less punctate in DKO nerve
terminals than in control nerve terminals where the puncta corre-
spond to abundant and highly clustered synaptic vesicles (Fig-
ure 7A and data not shown). However, not surprisingly, given
the loss of synaptic vesicles, the most striking change was
observed for synapsin 1 and Rab3a, two peripheral proteins of
synaptic vesicles (De Camilli et al., 1990; Fischer von Mollard
et al., 1990) that dissociate from the vesicle prior to, or in parallel
with, exocytosis and then reassociate with newly reformed
Figure 5. Endocytic Proteins Accumulate at DKO Presynaptic Terminals
(A) a-Adaptin immunofluorescence staining is more punctate in 18 DIV DKO neurons as compared to control or even to dynamin 1 single KO neurons (see an
additional time point in Figure S4).
(B) Quantification of the abundance of presynaptic terminals showing intense a-adaptin clustering (mean ± SEM; *p < 0.001 for control [CTRL] versus Dyn 1 KO,
control versus DKO, and Dyn1 KO versus DKO; one-way ANOVA with Tukey’s post hoc test).
(C) Double labeling for a-adaptin and VGAT or vGLUT1, respectively, demonstrates the accumulation of this endocytic clathrin adaptor protein within both
inhibitory and excitatory presynaptic terminals.
(D) Immunofluorescence analysis of protein localization in control versus DKO cultures (clathrin, clathrin light chain; Amph 1, amphiphysin 1). Scale bars
represent 20mm. See also Figure S5.
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Dynamins 1 and 3 in Synaptic Vesicle Recyclingsynaptic vesicles once the endocytic/recycling journey is com-
pleted (Chi et al., 2001; Giovedi et al., 2004; Star et al., 2005).
Immunoreactivities for these proteins lost their normally highly
punctate enrichment within presynaptic terminals and became
more diffusely spread out along the axonal length (Figure 7A).
Biochemical analysis of the subcellular localization of synaptic
vesicle proteins (synaptotagmin 1 and synaptophysin) by a cell
surface biotinylation-based strategy confirmed an increase in
their plasma membrane levels (Figure 7B).The Accumulation of Clathrin-Coated Intermediates
Is Activity Dependent and Reversible
The ultrastructural changes of many DKO nerve terminals
described above (Figure 6) revealed a near-complete switch
from a ‘‘secretion-ready mode’’ to an ‘‘endocytic mode,’’ where
the large clusters of synaptic vesicles, which represent the
defining morphological feature of synapses, are replaced by
a massive accumulation of clathrin-coated pits. We asked
whether these dramatic changes are reversible upon silencingNeuron 70, 1100–1114, June 23, 2011 ª2011 Elsevier Inc. 1107
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Dynamins 1 and 3 in Synaptic Vesicle Recyclingof electrical activity (Ferguson et al., 2007). Neurons were first
allowed to differentiate over 14 days in culture so that they would
exhibit a strong accumulation of endocytic intermediates, and
then exposed to tetrodotoxin (TTX; 1mM, overnight) to silence
neuronal network activity. After TTX treatment, immunofluores-
cence for a-adaptin (and other clathrin coat components)
became diffuse (Figures 8A–8C) and electron microscopy
showed a reduction of clathrin-coated pit number (Figures 8D–
8F). This reversal of the endocytic phenotype was accompanied
by a recovery of synaptic vesicle pools as judged by electron
microscopy observations and by the clustering of synapsin 1
(Figures 8A–8F). It was further accompanied by an increase in
EPSC amplitude from 0.36 ± 0.11 nA in DKO cultures kept in
normal medium compared to 0.92 ± 0.74 nA (Student’s t test,
p < 0.05) in cultures exposed to TTX overnight.
In a minor subset of processes, where the clustering of immu-
noreactivity for clathrin coat components was very intense and
seemed to fill the entire process, such immunoreactivity did not
disperse after TTX treatment (Figure S5C). These processes
were identified as axons because of their emergence from stalks
positive for ankyrin G, a marker of axon initial segments (Fig-
ure S5D). They were further identified as axons of GABAergic
neurons because of their reactivity with antibodies directed
against VGAT, a marker of GABA-containing synaptic vesicles
(Figure S5E). More specifically, they occur in the subset of
parvalbumin-positive GABAergic interneurons (Figure S5F),
a neuronalpopulation that is characterizedbyhigh ratesof activity
(Bartos et al., 2007). We speculate that in such neurons the accu-
mulation of endocytic intermediates may have been particularly
strongand irreversiblebecauseof their highbasal level of synaptic
activity and may eventually lead to the death of these neurons
(Garcı´a-Junco-Clementeet al., 2010; Luthi et al., 2001). This could
explain the overall lower levels of parvalbumin, GAD, andVGAT in
DKO cultures (Figure 2E). We conclude that the heterogeneous
ultrastructural changes observed at synapses of DKO neurons,
ranging frommassive replacement of synaptic vesicles by coated
pits atmany nerve terminals to nearly normalmorphology at other
nerve terminals, are likely to reflect differences in functional state/Figure 6. Ultrastructural Analysis of Endocytic Intermediates Formed
(A) Electron micrograph of a control presynaptic terminal filled with synaptic ves
(B and C) Examples of DKO presynaptic terminals that reflect the range in the seve
coated pits (CCPs) with few remaining synaptic vesicles (C). Clathrin-coated p
packing than synaptic vesicles.
(D) Higher-magnification view of interconnected clathrin-coated pits at a DKO sy
(E) Large nerve terminal entirely occupied by clathrin-coated pits. Inset: high-ma
budding pits.
(F) Quantification of synaptic vesicle (left) and clathrin-coated structure abundanc
individual synapses; line and whiskers represent mean ± SEM; *p < 0.0001, Stud
(G) Accessibility to cholera toxin-HRP (during incubation on ice) supports the conn
to the extracellular space.
(H) Tomographic section of a DKO synapse with a high number of endocytic clath
site (arrow) where an endocytic structuremerges with the plasmamembrane via a
traditional EM.
(I and J) Three-dimensional model of the plasmamembrane and endocytic interme
(J) In this image, endocytic intermediates have been removed, and white circles h
with the plasma membrane. The sites labeled as 1 and 2 are shown in more deta
(K and L) Reconstructed endocytic structures originating from sites 1 and 2 of (J), s
connection with the rest of the plasma membrane.
Scale bars represent 250 nm (A–C, E, and H–J), 100 nm (D, G, K, and L), and 50activity levels, rather than different mechanisms of synaptic
vesicle reformation in a subset of neurons.
Enhanced Synapsin Phosphorylation
in Spite of Decreased Network Activity
Binding of synapsin 1 to the synaptic vesicle membrane is regu-
lated by phosphorylation of its tail region (Jovanovic et al., 2001).
Upon nerve terminal stimulation, the CamKII-dependent phos-
phorylation of sites 2 and 3 in this region produces a shift of the
protein from a clustered distribution on synaptic vesicles to a
diffuse cytosolic distribution in axons (Chi et al., 2003). The less-
efficient synaptic transmission observed in DKO cultures relative
to controls (Figure 3) suggested lower levels of global network
activityobserved inDKOculturesand thuspredicteda lowerphos-
phorylation state of these sites as well as a general decrease of
biochemical parameters that report activity. Indeed, we observed
a striking decrease in the levels of the immediate early gene
Arc/Arg3.1 (Tzingounis and Nicoll, 2006) and of phospho-CREB
(Ser133, Figure 8G) (Sheng et al., 1991). Surprisingly, however,
an antibody specifically directed against phosphorylated sites 2
and 3 of synapsin 1 revealed a stronger signal in DKO cultures
(Figures8Gand8H).Because theaccumulationofsynapticvesicle
membranes in an endocytic state (clathrin-coated pits) in DKO
cells clearly makes vesicle membranes unavailable for synapsin
binding, this finding reveals the occurrence of mechanisms to
coordinate thephosphorylation state of synapsinwithprogression
of the synaptic vesicle cycle. In support of this interpretation, the
recovery of synaptic vesicle numbers following treatment with
TTX (Figure 8E) is accompanied by a reduction of synapsin 1 site
2,3 phosphorylation in the DKO neurons (Figures 8I and 8J).
DISCUSSION
We have used biochemical, electrophysiological, genetic, and
microscopy tools to elucidate the function of dynamin isoforms
in synaptic transmission. Our studies demonstrate a major func-
tion for dynamin 3 presynaptically that overlaps and synergizes
with that of dynamin 1. However, whereas absence of dynaminin the Absence of Dynamin 1 and 3
icles (SVs).
rity of the phenotype from nearly normal (B) to amajor accumulation of clathrin-
its can be recognized even at low magnification because of their less-dense
napse.
gnification view demonstrates the presence of a clathrin coat surrounding the
e (right) expressed as their number per synaptic profile (filled circles represent
ent’s t test).
ectivity of endocytic structures (primarily clathrin-coated pits) in DKO synapses
rin-coated pits. Boxed region is expanded in the lower-left inset that shows the
narrow opening. The upper-right inset shows a similar structure as observed by
diates derived from the tomographic series containing the section shown in (H).
ave been added to mark all sites where individual endocytic structures merge
il in (H), (K), and (L).
uperimposed on individual electron tomography sections to illustrate the site of
nm (H insets). See also Figure S6.
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Figure 7. Redistribution of Synaptic Vesicle Proteins in DKO
Neurons
(A) Immunofluorescence for synapsin, Rab3, synaptotagmin 1, and synapto-
brevin is highly punctate within presynaptic terminals in the control but is
largely dispersed throughout the axons in the DKO sample. The additional loss
of the Rab3 signal in the DKO parallels the decrease in the levels of this protein
as detected by immunoblotting (Figure 2E). Scale bars represent 20 mm.
(B) Cell surface biotinylation experiments show that the fractions of synapto-
tagmin 1 and synaptophysin that are surface exposed (biotinylated) are greatly
increased in the DKO. As expected, actin is exclusively detected in the internal
(nonbiotinylated) fraction.
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Dynamins 1 and 3 in Synaptic Vesicle Recycling3 worsens the phenotype produced by the loss of dynamin 1,
both at the organismal and synaptic levels, nervous system
development is not grossly affected by the lack of both isoforms.
Neurons lacking both dynamins develop, differentiate, and
establish synapses in vitro. Most strikingly, nerve terminals can
recycle synaptic vesicles in their absence, implying that dynamin
2 alone and/or dynamin-independent mechanisms are sufficient
to support basic synaptic function. These results collectively
demonstrate that neither dynamin 1 nor 3 is essential for regen-1110 Neuron 70, 1100–1114, June 23, 2011 ª2011 Elsevier Inc.erating synaptic vesicles but rather contributes to the efficiency
of this process.
The overlapping function of dynamin 1 and 3 in nerve terminals
is supported by their similar localizations and interactions and
by the more striking structural and functional defects of the
presynapse observed in dynamin 1, 3 DKO neurons relative
to dynamin 1 KO neurons. Furthermore, the neonatal lethal
phenotype of the DKO far exceeded the severity of the dynamin
1 single KO phenotype (Ferguson et al., 2007) in spite of the lack
of an obvious phenotype in dynamin 3 KO mice. Although this
genetic interaction could conceivably arise due to multiple
mechanisms, our data suggest a synergistic function of dynamin
1 and 3 in synaptic vesicle endocytosis. This interpretation is
further supported by the strong enrichment of dynamin 3 at
presynaptic terminals of dynamin 1 KO neurons (Ferguson
et al., 2007). Unique functions of dynamin 1 and 3 relative to dy-
namin 2 likely exist, including differential interactions with other
proteins and perhaps phosphorylation-based regulatory mecha-
nisms, but these functions are not essential for the basic mech-
anism of synaptic vesicle endocytosis.
A selective enrichment of dynamin 3 in dendritic spines was
reported previously (Gray et al., 2003; Lu et al., 2007). However,
we have shown here that the signal produced by the dynamin 3
antibody used in those studies is not abolished in dynamin 3 KO
neurons (Figure 1E). In an additional observation relating to
evaluation and validation of anti-dynamin antibody specificity
in our KO mice, we observed that the prominent presynaptic
immunoreactivity recognized by the widely used Hudy 1 anti-
body (Warnock et al., 1995), which is typically thought to reflect
dynamin 1 (Takei et al., 1995), was not abolished in dynamin 1
KO neurons (Figures S1A and S1B). Importantly, although our
results demonstrate a major presynaptic function of dynamin
3, they do not speak against a likely function for both dynamin
3 and dynamin 1 in clathrin-mediated endocytosis that takes
place in other neuronal subcompartments, including postsyn-
aptic sites, but is beyond the scope of the present study.
Although a dramatic accumulation of clathrin-coated pits was
observed at a subset of DKO synapses, these intermediates
converted to synaptic vesicles in the majority of neurons within
hours upon silencing of neuronal activity (Figures 8A–8F). Fur-
thermore, endocytic recovery from stimulation-evoked exocy-
tosis was still observed, albeit at a slower rate, in DKO neurons
(Figure 4). Thus, the critical contributions of dynamin 1 and 3 to
the recycling of synaptic vesicles do not seem to reflect a unique
and specific function of these two dynamins. A simple interpre-
tation of our results is that dynamin 2, which is expressed in
neurons at a much lower concentration than the combined
concentration of dynamin 1anddynamin 3, yet at a concentration
that is in the same range of that of dynamin 2 in non-neuronal
cells (Ferguson et al., 2007), can support a low rate of synaptic
vesicle endocytosis in addition to housekeeping forms of cla-
thrin-mediated endocytosis. A contribution of dynamin 2 to
synaptic vesicle recycling is supported by the partial ability of
this isoform to rescue the dynamin 1 KO phenotype when it is
overexpressed (Ferguson et al., 2007).
The potential existence of a dynamin-independent pathway
for synaptic vesicle reformation also warrants consideration
and is supported by reports that a much limited form of synaptic
Figure 8. Activity Dependence of the Endocytic Phenotype and Relationship to the Phosphorylation State of Synapsin 1
(A) a-Adaptin (left panel) and synapsin 1 (right panel) localization in DKO neurons under conditions of basal network activity.
(B) a-Adaptin (left panel) and synapsin 1 (right panel) localization in DKO neurons after silencing of electrical activity with TTX (1 mM, 16 hr).
(C) Quantification of presynaptic a-adaptin clustering in control neurons and DKO neurons under basal activity conditions and in DKO neurons after TTX
treatment.
(D and E) Electron micrographs of DKO synapses fixed under conditions of basal activity (D) and after TTX treatment (E). Dashed lines define a region adjacent to
the active zone where synaptic vesicles are conspicuously absent in (D) but very abundant in (E). In contrast, clathrin-coated pits (CCPs) around this region are
abundant in (D) but absent in (E).
(F) Quantification of clathrin-coated pit (CCP) abundance in control neurons and DKO neurons under basal activity conditions and in DKO neurons after TTX
treatment, expressed as the percentage of CCPs relative to the total of SVs + CCPs/synapse (n = 30 control, 35 DKO, and 37 TTX-treated DKO synapses).
(G) Immunoblot analysis of activity-dependent changes in neuronal proteins of control and DKO cultures.
(H) Quantification of the phosphorylation of synapsin 1 at the sites indicated (percentage of control) under basal activity levels in DKO cultures (n > 3).
(I and J) Effect of neuronal network activity in controlling the levels of synapsin 1 phosphorylation at sites 2 and 3 and quantification of these results, respectively.
*p < 0.01, Student’s t test.
Scale bars represent 20 mm (A and B) and 200 nm (D and E). All data are presented as mean ± SEM.
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Dynamins 1 and 3 in Synaptic Vesicle Recyclingtransmission persists after manipulations expected to perturb
dynamin function, such as microinjection of GTPgS or peptides
(Xu et al., 2008; Shupliakov et al., 1997; Sundborger et al, 2011).
Furthermore, studies with dynasore, an inhibitor of dynamin
GTPase activity, have demonstrated a complete block of the
compensatory synaptic vesicle internalization that follows after
triggered exocytosis (Newton et al., 2006), but synaptic vesicle
endocytosis still occurred under conditions of spontaneous
release (Chung et al., 2010). Dynasore only inhibits dynamin’s
GTPase activity by80%, based on biochemical studies (Macia
et al., 2006; Chung et al., 2010), thus sparing 20% activity, an
amount that is more than the percentage of total dynamin
accounted for by dynamin 2 in neurons (Figure 2B). The highefficacy of dynasore in some studies, in spite of its incomplete
inhibition of dynamin, suggests a dominant-negative effect of
dynasore-bound dynamin or an off-target effect of the drug.
Studies of dynamin 1 KO neurons revealed that the strong
presynaptic endocytic phenotype was predominantly restricted
to GABAergic synapses under conditions of spontaneous net-
work activity (Hayashi et al., 2008). This selective phenotype
was proposed to arise from a higher rate of tonic activity at
such synapses. However, in dynamin 1, 3 DKO neurons, cla-
thrin-coated pits accumulated robustly at both excitatory and
inhibitory synapses. We suggest that the combined loss of dyna-
min 1 and 3 lowers the endocytic capacity to a point where it can
no longer keep pace with the spontaneous network activity levelNeuron 70, 1100–1114, June 23, 2011 ª2011 Elsevier Inc. 1111
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Dynamins 1 and 3 in Synaptic Vesicle Recyclingeven in excitatory neurons. We further suspect that an initial loss
of inhibition, due to selective vulnerability of GABAergic interneu-
rons, could disinhibit network activity within the DKO cultures,
resulting in excitatory neurons that drive themselves to the point
of exhaustion. Importantly, there was evidence for a greater
sensitivity of parvalbumin-positive GABAergic neurons, as indi-
cated by a stronger and irreversible endocytic phenotype. This
observation may reflect a more general vulnerability of this
subpopulation of GABAergic interneurons given that their high
activity levels have been proposed to confer added sensitivity
to another genetic perturbation (Garcı´a-Junco-Clemente et al.,
2010). Furthermore, in mice, there is a recently reported sponta-
neous dynamin 1missensemutation that is permissive for devel-
opment but confers seizure susceptibility, which could arise from
greater sensitivity of GABAergic interneurons to endocytic
perturbation (Boumil et al., 2010).
Interestingly, in spite of the strong decrease in average EPSC
amplitude, the frequency and amplitude of mEPSCs were not
markedly affected in DKO cultures (Figure 3). Perhaps, under
conditions where efficiency of recycling is severely impaired,
newly formed vesicles are rapidly made available for sponta-
neous release, and even the very low levels of dynamin 2 or dy-
namin-independent mechanisms may be adequate to replenish
vesicles consumed by the more modest rates of spontaneous
release. These considerations fit with the previous report that
spontaneous transmission was relatively spared following treat-
ment of cultured neurons with dynasore (Chung et al., 2010).
The morphology of the endocytic intermediates that accumu-
late in DKO nerve terminals provides new insight into the mecha-
nisms acting upstream of dynamin in endocytosis and, more
generally, in the cell biology of nerve terminals. Like in fibroblasts
that lack dynamin (Ferguson et al., 2009), the ability of clathrin-
coated pits to mature to a very advanced state with narrow necks
argues against essential functions for dynamin earlier in the
process.However, coatedpitsofdynamin1,3mutantnerve termi-
nals are quite different from those observed in fibroblasts with no
dynamin: (1) They are considerably smaller and highly homoge-
neous in diameter, consistent with their being direct precursors
of synaptic vesicles. Thus, factors other than neuron-specific dy-
namin isoforms or high dynamin abundance must impose this
small curvature. (2) Their narrow necks, although constricted
and elongated, are shorter than the narrow long stalks of arrested
fibroblastic clathrin-coated pits. Considering that actin polymeri-
zationwasshown tobe required for the formationof the longnecks
innon-neuronal cells (Fergusonetal., 2009), it isof interest thatcla-
thrin-mediated endocytosis of synaptic vesicles was reported not
to be dependent on actin (Sankaranarayanan et al., 2003). (3) Cla-
thrin-coated pits of DKO nerve terminals typically originate from
deep invaginations of the plasma membrane that are often deco-
rated by numerous, sometimes hundreds of such pits. Each such
tubular invagination is connected to the outer plasma membrane
by a narrow constriction similar to the neck of clathrin-coated
pits (Figures S6G and S6H). This structural arrangement allows
for accommodation of the vast increase in plasma membrane
areaproducedbymassive synaptic vesicle exocytosiswithout ex-
panding the outer surface of the presynaptic terminal.
The great abundance of clathrin-coated pits emphasizes the
importance of fission as a trigger to uncoating. This is consistent1112 Neuron 70, 1100–1114, June 23, 2011 ª2011 Elsevier Inc.with the report that auxilin, a critical cofactor for clathrin uncoating
(Yim et al., 2010), is most strongly recruited to pits only after
fission (Massol et al., 2006). Accordingly, although immunoreac-
tivity for a variety of the analyzed major endocytic clathrin coat
components (light chainof clathrin, AP-2,AP180, epsin)wasclus-
tered in DKO nerve terminals, auxilin, which is an abundant
component of purified brain clathrin-coated vesicles (Ahle and
Ungewickell, 1990), was not (Figure 5D). These findings fit with
a model in which (1) endocytic clathrin-coated pits can assemble
only at the PI(4,5)P2-rich plasmamembrane, (2) fission is coupled
to PI(4,5)P2 dephosphorylation, and (3) modification of the lipid
composition of the membrane triggers uncoating by promoting
adaptor dissociation and auxilin/Hsc70 recruitment (Cremona
etal., 1999;Massol et al., 2006;Yimetal., 2010;Guanet al., 2010).
Overall, our findings reveal a remarkable plasticity of nerve
terminals. In a subset of dynamin 1,3 DKOneurons, spontaneous
network activity resulted in a nearly complete shift from the
typical ‘‘secretion-ready state’’ (abundance of synaptic vesicles
clustered at active zones) to an ‘‘endocytic state’’ in which the
great majority, possibly all, of synaptic vesicles were replaced
by clathrin-coated pits. This shift implies a crosstalk between
the cytosol and the membranes because proteins peripherally
associated with the cytosolic face of synaptic vesicles, such as
synapsin and Rab3, must be replaced, in a reversible fashion,
with proteins of the clathrin coats and other endocytic factors.
The different lipid environment (phosphoinositides and possibly
other phospholipids) that surrounds synaptic vesicle proteins
as they cycle between vesicles and the plasma membrane likely
plays a role in these changes (Di Paolo and De Camilli, 2006).
However, the enhancement of the phosphorylation state of syn-
apsin at sites 2 and 3 when nerve terminals are in an endocytic
state, in spite of a global decrease in activity-dependent param-
eters, suggests the additional occurrence of feedback mecha-
nisms between the progression of synaptic vesicle membranes
along their exo-endocytic cycle and signaling pathways within
nerve terminals. Elucidating the mechanisms underlying this
link will be an interesting focus of future work.
Conclusions
In summary, contrary to models where the major functions of
individual dynamin isoforms are distinct from one another, our
results support an overall conservation of such functions, so
that each isoform can at least partially replace the other. Clearly,
unique roles of the three dynamins and of their splice variants
could act to fine-tune the efficiency and regulation of synaptic
vesicle recycling and of other endocytic reactions. However,
the most important parameter that defines the collective contri-
butions of dynamin 1 and 3 to the rapid reformation of synaptic
vesicles after endocytosis is their abundance in neurons and
nerve terminals. Neither protein is required for their reformation,
but their presence and overall abundance account for the
impressive efficiency of synaptic vesicle endocytosis that is
critical for sustaining normal synaptic transmission.
EXPERIMENTAL PROCEDURES
A complete description of experimental procedures is provided as Supple-
mental Experimental Procedures.
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Dynamins 1 and 3 in Synaptic Vesicle RecyclingGene-Targeting Strategies
The dynamin 3 conditional KO-targeting strategy (Figure S1D) resulted in the
flanking of a 1.8 kb region containing exon 2 with loxP sites. Mating to a Cre
deleter strain (Lewandoski et al., 1997) yielded the dynamin 3 KO allele. The
KO allele of dynamin 1 used in this study was previously described (Ferguson
et al., 2007, 2009). Animal care and use was carried out in accordance with our
institutional guidelines.
Antibodies
Antibodies and their sources are provided in the Supplemental Experimental
Procedures.
Biochemical Methods
ForGSTpull-downs, fusionproteins comprising thecorePRD regionsofmouse
dynamin 1 (amino acids 747–852), dynamin 2 (amino acids 741–845), anddyna-
min 3 (amino acids 741–838) were prepared and isolated by standardmethods
from E. coli [BL21(DE3)-RIPL] and used to enrich for known binding partners
from 1% Triton X-100 extracts of mouse brain tissue (Slepnev et al., 1998).
For immunoblotting, cortical neurons at 14–21 DIV were rinsed in Tyrode’s
buffer and lysed in 150 mM NaCl, 2 mM EDTA, 50 mM Tris-HCl (pH 7.4) with
1% SDS. Total cell lysates were loaded on SDS-PAGE gels, transferred to
nitrocellulose and immunoblotted with the specified primary antibodies. HRP
and IRDye-conjugated secondary antibodies were used for chemiluminescent
and infrared imaging (Odyssey; LI-COR), respectively. Cell surface bio-
tinylation methods were described previously (Ferguson et al., 2009).
Primary Cortical Neuron Cultures
Primary cortical neurons were prepared from P0 neonatal mouse brains by
previously described methods (Ferguson et al., 2007).
Immunofluorescence
Cortical neurons were fixed with 4% paraformaldehyde, 4% sucrose in 0.12 M
sodiumphosphatebuffer. For brain sections,micewereperfused transcardially
with 4% paraformaldehyde in 0.1 M phosphate buffer. Preparation of frozen
sections and immunofluorescence were performed by standard procedures.
Electron Microscopy
Primary cortical neuronswere fixedwith 1.3%glutaraldehyde in 66mMsodium
cacodylate buffer; postfixed in 1% OsO4, 1.5% K4Fe(CN)6, and 0.1 M sodium
cacodylate; stained with 0.5% uranyl magnesium acetate; dehydrated; and
embedded in EMbed 812 (Electron Microscopy Sciences, Hatfield, PA, USA).
Diaphragms and brain tissue of P0 mice were fixed by immersion in 2% para-
formaldehyde, 2% glutaraldehyde in 0.1 M cacodylate buffer (pH 7.4). Addi-
tional transmission electron microscopy and tomography were performed as
previously described (Ferguson et al., 2007; Hayashi et al., 2008).
Functional Studies
For electrophysiology, cortical neurons were plated at a density of 75,000/cm2
and recorded at room temperature (20C–22C) between 10 and 14 DIV.
For dynamic imaging studies of exo-endocytosis, vGlut1-pHluorin was
transfected into cortical neurons 8 days after plating, and imaging was per-
formed 13–25 days after plating.
Statistical Analysis
Statistical significance was determined with the use of Student’s t tests or
ANOVA, followed by Tukey’s post hoc test; data with p values <0.05 are indi-
cated by an asterisk (*) in figures.
SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Experimental Procedures
and six figures and can be found with this article online at doi:10.1016/
j.neuron.2011.04.031.
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